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The  (100  -  x)Ndi.8Ceo.2Cu04+5:(x)Ceo.9Gdo.i02-5  (x  =  00,  10,  20  and  30  vol.%)  composite  systems  are 
obtained  by  impregnating  a  stoichiometric  solution  of  cerium  and  gadolinium  nitrates  followed  by 
sintering  at  900  °C  for  4  h.  Impregnating  the  Ceo.gGdo.iC^-^  not  only  inhibits  the  growth  of  the  host 
Ndi.8Ceo.2Cu04+(5  grains  during  sintering  but  also  enlarges  the  oxygen  reduction  reaction  zone  by 
introducing  a  nanosized  phase  that  is  ionically  conductive,  which  significantly  decreases  the  electrode 
polarization  resistance  of  the  composite  cathode.  A  minimum  polarization  resistance  value  of 
0.23  ±  0.02  Q  cm2  is  obtained  at  700  °C  for  a  (80)Ndi.8Ceo.2Cu04+(5:(20)Ceo.9Gdo.i02-<5  composite  cathode, 
and  this  value  is  attributed  to  the  optimal  dispersion  into  the  porous  Ndi.8Ceo.2Cu04+(5  matrix.  The 
impedance  spectra  are  modeled  using  an  electrical  equivalent  model  that  consists  of  a  mid-frequency 
Zfti_CPE  circuit  (parallel  combination  of  Ri  and  constant  phase  element  (CPE))  and  a  low-frequency 
Gerischer  impedance.  The  Gerischer  impedance  decreases  significantly  when  Ceo.gGdo.iC^  infiltrates 
the  Ndi.8Ceo.2Cu04+(5  matrix.  The  oxygen  partial  pressure-dependent  polarization  study  suggests  a 
medium-frequency  response,  which  is  due  to  charge  transfer  step;  however,  the  low-frequency  response 
corresponds  to  the  non-charge  transfer  oxygen  adsorption-desorption  and  the  diffusion  process  during 
the  overall  oxygen  reduction  reaction  process. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Mixed  ionic-electronic  conductors  (MIECs)  with  I<2NiF4-type 
structures  have  received  renewed  interest  due  to  their  high 
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electronic  conductivity,  adequate  oxygen  ion  transport  and  strong 
electrocatalytic  activity  toward  oxygen  reduction  reactions  (ORR). 
Recently,  research  has  focused  on  reducing  the  operating  temper¬ 
ature  of  solid  oxide  fuel  cells  (SOFCs)  by  improving  the  electrode 
performance.  The  dispersion  of  nano-sized  electrolyte  particles 
extends  the  electrochemically  active  reaction  zone,  thus  increasing 
the  ORR  kinetics  of  the  electrode.  In  particular,  impregnation  has 
remained  very  effective  when  introducing/dispersing  a  nano-sized 
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electrolyte  phase  into  an  electrode  matrix  [1  .  Jiang  et  al.  [2-4] 
reported  improved  performance  for  Ni-based  anodes  after 
impregnation  with  nano-sized  yttria-stabilized  zirconia  (YSZ)  or 
gadolinia-doped  ceria  (CGO).  The  21.3  wt.%  CGO-impregnated 
LaNio.6Feo.4O3  cathode  exhibited  low  polarization  resistance 
(0.13  Qcm2)at750°C  5].  According  to  Wang  etal.  [6]  impregnating 
porous  samaria-doped  ceria  (SDC)  with  PrBaQ^Os+x  (PBC)  nano¬ 
particles  accelerated  the  oxygen  ion  incorporation  and  charge 
transfer  steps  compared  to  conventional  PBC  cathodes.  Similarly, 
Huang  et  al.  7]  also  observed  improved  electronic  conductivity  and 
oxygen  exchange  reaction  activity  (decrease  in  the  polarization  resis¬ 
tance  (0.18  Q  cm2  at  700  °C))  for  an  Ag-infiltrated  LaNio.6Fe0.403-SDC 
composite.  During  earlier  investigations,  Ndi.sCeo.2Cu04+(5  (NCCO)  was 
optimized  to  obtain  the  highest  d.c.  conductivity  [8  . 

The  electrical  equivalent  circuit  model  (ECM)  is  phenomeno¬ 
logical  and  easily  accepted  and  understood;  this  model  has  been 
used  extensively  during  SOFC  performance  diagnosis  [9  .  Idealized 
equivalent  circuit  models  are  often  constructed  to  simulate  the 
physical  and  chemical  processes  in  SOFC  systems.  A  cell  structure 
with  symmetrical  electrodes  is  frequently  constructed  to  isolate  the 
contributions  of  the  electrode  toward  the  polarization  losses  from 
those  of  the  electrolyte  during  SOFC  performance  [9  . 

Consequently,  the  present  study  aimed  to  improve  the  electro¬ 
chemical  performance  of  NCCO  further  through  impregnation  with 
a  CGO  electrolyte.  Each  composition  contained  (100  -  x)NCCO:(x) 
CGO  (x  =  0  -  30)  and  was  characterized  using  X-ray  powder 
diffraction,  scanning  electron  microscopy  and  d.c.  conductivity.  In 
addition,  electrochemical  impedance  spectroscopy  (EIS)  studies  on 
symmetric  cells,  which  were  constructed  as  cathode/CGO/cathode, 
were  carried  out  relative  to  the  temperature  and  oxygen  partial 
pressure  to  determine  the  polarization  resistance  (Rp).  The 
improved  electrochemical  properties  can  be  understood  based  on 
the  particle  size,  microstructure,  electronic  conductivity  and 
percolation  theory. 

2.  Experimental 

Ndi.sCeo.2Cu04+5  was  prepared  through  a  combustion  technique 
[10].  Cerium,  neodymium  and  copper  acetate  (purity  >99.9%, 
Aldrich  Chemicals,  USA)  were  used  as  reagents.  All  of  the  reagents, 
which  were  dried  thoroughly,  were  combined  in  requisite  stoi¬ 
chiometric  ratio  through  dissolution  in  double  distilled  deionized 
water,  separately.  The  prepared  solutions  were  combined  and 
stirred  to  obtain  a  homogeneous  solution  before  being  combusted 
using  microwave  oven  at  800  W.  The  residue  was  ground  and 
pressed  (300  1<N  cm-2)  to  obtain  circular  discs  (pellets)  9  mm  in 
diameter  and  2  mm  thick.  The  resultant  pellets  were  sintered  at 
1000  °C  for  4  h  using  high  temperature  electric  furnace  (Thermo- 
lyne,  USA). 

Stoichiometric  amounts  of  cerium  and  gadolinium  nitrate  were 
dissolved  in  ethanol  to  obtain  desired  the  x  vol.%  for  the  CGO  in  the 
composite.  An  appropriate  amount  of  fine  NCCO  powder,  which 
was  prepared  as  discussed  above,  was  added,  and  the  solution  was 
stirred  for  3  h  while  using  a  magnetic  stirrer.  Diethylamine  was 
added  to  precipitate  the  CGO  in  a  NCCO  matrix  to  obtain  the 
(100  -  x)NCCO:(x)CGO  composites.  Subsequently,  the  composite 
powder  was  dried  at  80  °C  for  12  h,  pelletized  (10  mm  in  diameter 
and  2  mm  thick)  and  sintered  at  900  °C  for  4  h. 

All  of  the  sintered  samples  were  characterized  using  X-ray 
powder  diffraction,  PANalytical  X'pert  PRO  (Philips,  The  Netherlands) 
using  CuKa  radiation  and  a  ID  pixel  detector.  The  XRD  measurements 
were  carried  out  in  a  26  range  from  10  to  100°  with  a  step  size  and 
time  per  step  of  0.025°  and  1  s,  respectively.  The  crystallite  size  of  all 
studied  materials  was  determined  based  on  the  diffraction  peaks  in  a 
26  range  of  30-50°  while  using  the  X'pert  Highscore  plus  software 


with  the  Scherrer  formula,  as  previously  described  [10  .  The  micro- 
structural  and  elemental  analyses  of  a  cathode  composed  of  sym¬ 
metric  cells  were  carried  using  field  emission  scanning  electron 
microscopy  (FESEM,  Jeol  JSM  7600-F,  Germany)  with  EDS  (Oxford,  X- 
max  80  mm2).  The  sintered  densities  of  the  samples  were  deter¬ 
mined  using  Archimedes'  principle  with  a  Mettler  Toledo  monopan 
balance  and  a  density  kit. 

Before  the  d.c.  conductivity  measurements,  the  sintered  sample, 
which  was  spring-loaded  in  a  ceramic  cell  holder  (Amel,  Italy),  was 
heated  from  27  °C  (room  temperature)  to  700  °C  at  11  °C  min-1; 
this  temperature  was  maintained  for  30  min  (dwell  time)  to 
homogenize  the  charge  carriers.  At  the  end  of  dwell  time,  the 
resistance  was  measured  using  a  four-probe  method  with  a 
computer-controlled  Keithley  6221  current  source  and  a  2182  A 
nanovoltmeter  in  delta  mode.  Later,  the  temperature  of  sample  was 
decreased  to  680  °C  at  2  °C  min-1;  after  30  min  (dwell  time),  the 
resistance  was  measured  as  described  above.  This  procedure  was 
repeated  during  the  cooling  cycle  (decrement  of  20  °C  in  step)  up  to 
500  °C.  The  temperature  profile  during  the  d.c.  conductivity  mea¬ 
surements  is  shown  in  Fig.  1.  The  temperature  of  the  sample  during 
the  measurements  was  controlled  within  ±1  °C  with  a  Eurotherm 
2216e  temperature  controller. 

The  ink  for  each  composite  cathode  was  prepared  by  ball¬ 
milling  (300  rotations  per  min  (rpm)  for  2  h)  1  g  of  the  cathode 
powder,  3  wt.%  polyvinyl  buteral  (binder),  sodium  free  corn  oil  and 
ethyl-methyl  ketone  [8  .  The  particle  size  distribution  of  the  cath¬ 
ode  material  in  the  ink/slurry  was  determined  using  a  NanoPhox 
(Symphatec,  Germany)  particle  size  analyzer.  The  symmetric  cells 
had  the  configurations  given  below  and  were  prepared  by  spin 
coating  the  cathode  ink  on  both  flat  surfaces  of  a  sintered  CGO 
pellet  (96%  relative  density). 


NCCO/CGO/NCCO  Cell-00 

90NCCO:  1 OCGO/CGO/90NCCO:  1 OCGO  Cell-91 

80NCCO:20CGO/CGO/80NCCO:20CGO  Cell-82 

70NCCO:30CGO/CGO/70NCCO:30CGO  Cell-73 


The  EIS  measurements  for  the  symmetric  cells  were  obtained 
using  a  computer-controlled  Solartron  1255B  FRA  with  a  Solartron 
SI  1287  electrochemical  interface  versus  the  temperature 
(500-700  °C,  during  a  cooling  cycle,  as  depicted  in  Fig.  1),  fre¬ 
quency  (1  x  10-3-l  x  106  Hz),  and  oxygen  partial  pressure 
(0.1-21  kPa),  as  described  elsewhere  [11  .  The  applied  ac  signal 
voltage  was  5  mV. 
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3.  Results  and  discussion 

3.1.  X-ray  powder  diffraction  and  energy  dispersive  X-ray 
spectroscopy 

The  X-ray  powder  diffraction  (XRD)  patterns  of  CGO,  NCCO 
before  sintering,  NCCO  after  sintering,  90NCCO:10CGO, 
80NCCO:20CGO  and  70NCCO:30CGO  are  depicted  in  Fig.  2(a)— (f), 
respectively.  All  of  the  diffracted  peaks  are  broader  than  usually 
observed  for  highly  crystalline  solids.  The  broadening  in  the  dif¬ 
fracted  peaks  is  attributed  to  the  superfine  crystalline  nature  of  the 
NCCO  and  CGO.  Before  indexing,  the  XRD  data  were  fitted  with  the 
X'pert  Highscore  plus  software.  The  XRD  patterns  (Fig.  2(a)  and  (c)) 
of  CGO  and  NCCO  (after  sintering)  reveal  that  all  of  the  character¬ 
istic  diffracted  peaks  closely  match  the  joint  committee  for  powder 
diffraction  standard  (JCPDS)  data  file  No.  01-075-0161  and  file  No. 
01-079-1925  corresponding  to  cubic  Ceo.9Gdo.1O1.95  (CGO)  and 
tetragonal  Ndi.gCeo^CuO^,  respectively.  In  contrast,  the  few  weak 
peaks  attributed  to  NCCO  in  the  background,  which  exhibited  a  very 
high  level  of  noise  (Fig.  2(b)),  suggest  that  was  NCCO  exhibited  little 
to  no  crystallinity  before  sintering.  Therefore,  crystalline  NCCO  in 
single  phase  cannot  be  generated  by  combustion  alone.  No  peaks 
that  corresponded  to  intermediate  compounds  are  observed  in  the 
XRD  patterns  (Fig.  2(d)— (f))  for  the  composite  cathodes.  The  rela¬ 
tive  intensities  of  the  individual  patterns  for  NCCO  and  CGO  are 
generally  proportional  to  the  concentrations  of  these  phases 
(Fig.  2(e)  and  (f).  The  Rietveld  method,  which  is  usually  preferred,  is 
used  with  an  external  standard  to  estimate  the  relative  vol.%  of  CGO 
in  the  composites.  The  volume  fraction  of  CGO  obtained  from  the 
XRD  data  and  the  actual/intended  vol.%  (taken  during  preparation 
of  composites)  for  all  of  the  compositions  are  compared  in  Table  1. 
Unless  the  concentration  of  CGO  is  low  (10  vol.%),  the  actual  and 
estimated  vol.%  of  CGO  are  comparable.  The  large  difference  be¬ 
tween  the  actual  and  estimated  vol.%  of  CGO  when  x  =  10  is 
attributed  to  the  very  large  difference  in  the  crystallite  sizes 
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Fig.  2.  The  X-ray  powder  diffraction  patterns  of  (a)  CGO,  (b)  NCCO  before  sintering,  (c) 
NCCO  after  sintering,  (d)  90NCCO:10CGO,  (e)  80NCCO:20CGO  and  (f)  70NCCO:30CGO. 


( fable  1)  of  NCCO  (258  nm)  and  GDC  (47  nm).  Nevertheless,  the 
CGO  is  dispersed  in  the  requisite/intended  vol.%  in  all  composites. 

The  lattice  cell  constants  (a  and  c)  and  crystallite  sizes 
(Cs)  of  NCCO  and  CGO,  which  were  determined  from  the  XRD 
data  are  given  in  Table  1.  Evidently,  the  lattice  cell  constants 
(a  ~  0.394  ±  0.004  nm  and  c  ~  1.207  ±  0.003  nm)  corresponding  to 
NCCO  matched  the  JCPDS  data  closely  (a  =  0.395  nm  and 
c  =  1.205  nm,  File  No.  01-079-1925).  Further,  the  lattice  cell  con¬ 
stant  (a  ~  0.54  ±  0.004)  of  CGO  is  close  to  the  JCPDS  value 
(a  =  0.5418  nm;  File  No.  01-075-0161).  The  similarity  of  the  lattice 
cell  constants  for  the  NCCO  and  CGO  determined  from  XRD  data 
(Table  1 )  suggests  that  either  the  Gd3+  from  the  CGO  in  the  NCCO  or 
the  Nd3+/Cu2+  from  the  NCCO  in  the  CGO  is  insoluble.  Table  1  re¬ 
veals  the  steady  decrease/increase  in  crystallite  size  of  NCCO  (from 
273  to  193  nm)/CGO  (from  47  to  146  nm)  when  increasing  the  CGO 
content  in  the  composites.  The  decreasing  NCCO  crystallite  size 
when  increasing  the  CGO  content  is  attributed  to  the  presence  of 
CGO  nano-crystallites  between  the  NCCO  crystallites,  inhibiting  the 
growth  of  the  NCCO  crystallites  during  sintering.  Leng  et  al.  [12] 
reported  that  the  ion  conducting  CGO  in  lanthanum  strontium 
manganite  (LSM)  matrix  inhibited  the  growth  of  the  LSM  grains 
during  sintering.  While  sintering  at  high  temperatures,  however, 
the  CGO  nano-crystallites  in  the  composites  are  grown  at  the  cost  of 
adjacent  similar  (CGO)  crystallites  through  a  well-known  sintering 
process.  The  growth  of  CGO  crystallites  increases  when  the  CGO 
content  in  the  composites  is  increased,  increasing  the  overall/ 
average  crystallite  size  of  CGO  ( Table  1 ). 

All  of  the  studied  compositions  exhibit  similar  sintered  densities 
(95-96%),  as  shown  in  able  1.  The  theoretical  and  experimental 
values  (obtained  from  the  EDS  of  the  selected  grain  (inset  of  Fig.  3)) 
for  at.%  Ndi.8Ceo.2Cu04+<5  (at  electrode/electrolyte  interface)  given 
in  Table  2  are  closely  matched.  In  addition,  no  characteristic 
emission  peak(s)  attributed  to  Gd  were  observed  in  the  EDS  spec¬ 
trum  (Fig.  3).  Similarly,  the  characteristic  emission  peaks  attributed 
to  Nd  and  Cu  were  not  observed  in  the  EDS  spectra  of  the  CGO 
grain(s).  Because  the  sample  surface  was  coated  with  platinum  (d.c. 
sputtering  technique)  for  the  SEM/EDS  studies,  the  characteristic 
emission  peaks  attributed  to  platinum  (Pt)  appear  in  the  EDS 
spectrum  (Fig.  3).  These  results  substantiate  the  XRD  data  (  "able  1 ) 
discussed  above.  Therefore,  the  diffusion  of  neither  Gd/Ce  from 
CGO  to  NCCO  nor  Nd/Ce/Cu  from  NCCO  to  CGO  occurred  when 
sintering  the  composite  at  high  temperatures.  The  NCCO  and  CGO 
exhibit  excellent  chemical  stability  relative  to  one  another  based  on 
the  XRD  and  EDS  studies. 

3.2.  Scanning  electron  microscopy  and  particle  size  analysis 

The  scanning  electron  microphotographs  (SEM)  of  the  cleaved 
composite  electrodes  for  Cell-91,  Cell-82,  Cell-73,  and  the  fractured 
surface  across  the  electrode/electrolyte  interface  of  Cell-82  are 
depicted  in  Fig.  4(a)-(d),  respectively.  The  morphologies  of  the 
NCCO  (irregular  shape)  and  CGO  (spherical  shape)  particles 
(confirmed  by  EDS  study)  are  distinguishable.  The  composite 
cathode  consists  of  uniformly  distributed  nano-sized  (34-100  nm) 
spherical  CGO  particles  in  the  sintered  NCCO  matrix  (Fig.  4(a)).  The 
concentration  and  size  (97-158  nm)  of  the  CGO  particles  increase 
with  an  increase  in  its  content  (Fig.  4(b)  and  (c))  in  composites.  Both 
of  these  observations  agree  with  the  XRD  results  discussed  in  sub¬ 
section  3.1.  The  uniform  arrangement  of  the  nano-grains  generated 
a  sufficient  number  of  sub-micron-sized  pores,  which  facilitate 
gas  diffusion  through  cathode  layer.  The  microphotograph  of  the 
electrode/electrolyte  interface  shown  in  Fig.  4(d)  reveals  a  thin 
cathode  layer  ( ~  18  pm)  with  a  porous  morphology  over  a  highly 
dense  CGO  electrolyte.  In  addition,  the  homogenous  contact  that 
formed  along  the  interface  between  the  electrode  and  electrolyte  is 
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Table  1 

Comparison  of  relative  vol.%  of  CGO  (estimated  from  XRD  data),  lattice  cell  constants  of  NCCO  and  CGO,  crystallite  sizes  of  NCCO  (CS(NCco))  and  CGO  (CS(Cgo))>  relative  density 
(p)  and  effective  particle  size  <D>  for  (100  -  x)NCCO:(x)CGO  (x  =  0—30  vol.%)  composite  system. 


x  (vol.%) 

Xrei.  (V0l.%) 

aNCco  (nm) 

Cncco  (nm) 

ac go  (nm) 

Cs(ncco)  (nm) 

Cs(cgo)  (nm) 

p(%) 

<D>  (nm) 

0 

0 

0.394  ±  0.002 

1.207  ±  0.002 

— 

273  ±  2 

— 

— 

723  ±  76 

10 

08.9  ±  0.7 

0.394  ±  0.003 

1.205  ±  0.003 

0.549  ±  0.004 

258  ±  3 

47  ±  2 

95  ± 

5 

672  ±  52 

20 

21.2  ±  0.4 

0.395  ±  0.005 

1.206  ±  0.004 

0.548  ±  0.005 

236  ±4 

78  ±  1 

96  ± 

2 

561  ±  21 

30 

29.7  ±  0.3 

0.394  ±  0.003 

1.208  ±  0.003 

0.549  ±  0.003 

193  ±  2 

146  ±  3 

95  ± 

3 

650  ±  43 

obvious  (Fig.  4(d)).  No  cracks  and/or  separation  between  electrode 
and  electrolyte  were  observed  after  four  heating  and  cooling  cycles. 

The  particle  size  distribution  of  the  80NCCO:20CGO  cathode  in 
the  prepared  ink  (four  batches)  is  shown  in  Fig.  5.  Apparently,  the 
particle  sizes  and  distribution  are  nearly  same  for  all  batches, 
indicating  that  the  results  are  highly  reproducible.  The  narrow 
distribution  with  an  effective  particle  size  —561  ±  21  nm  (Table  1) 
is  advantageous  when  producing  good/stable  ink. 

3.3.  d.c.  conductivity 

The  variations  in  the  d.c.  conductivity  as  a  parametric  function 
of  the  temperature  for  90NCCO:10CGO,  80NCCO:20CGO  and 
70NCCO:30CGO  is  depicted  in  Fig.  6.  In  the  MIECs  and  composites, 
both  the  ions  and  electrons  contribute  to  the  total  electrical  con¬ 
ductivity.  Because  the  electronic  conductivity  is  usually  much 
higher  than  the  ionic  conductivity,  the  total  measured  d.c.  con¬ 
ductivity  is  primarily  attributed  to  the  electronic  conductivity.  The 
semiconductor  to  pseudo-metal  phase  transition  (Fig.  6)  in  the 
temperature  range  600-650  °C  is  observed  in  the  pure  NCCO  and 
the  90NCCO:10CGO.  A  similar  transition  for  the  NCCO  has  been 
observed  previously  [8  .  This  transition,  however,  is  not  observed 
(within  the  temperature  range  of  measurements)  for  the 
80NCCO:20CGO  and  70NCCO:30CGO  composites.  The  absence  of 
the  semiconductor  to  pseudo-metal  phase  transition  in  these 
composites  is  attributed  to  the  surface-activated  superfine  crys¬ 
tallites  of  NCCO.  The  suppression  of  the  temperature-dependent 
transition  due  to  nano-crystalline  material  is  reported  for  the 
NCCO  13]  and  Lao.8Sr0.2Mn03  (LSM)  [14  .  All  of  the  studied  samples 
obey  the  Arrhenius  law  (Eq.  (1))  below  the  transition  temperature. 

oT=(aT)0exp(^j,  (1) 

where  (oT) o,  k,  T  and  Ea  are  the  pre-exponential  factor,  Boltzmann 
constant,  absolute  temperature  and  activation  energy,  respectively. 


Further,  the  a{Ea)  decreases  (increases)  when  increasing  the  CGO 
concentration  in  the  composites.  Because  increasing  the  number  of 
electronically  insulating  CGO  electrolyte  grains  hinder  the  electron/ 
hole  mobility/transport  through  the  composites,  the  overall  d.c. 
conductivity  decreases  when  increasing  the  CGO  content  in  the 
composite  cathode.  According  to  the  literature,  adding  CGO  in¬ 
creases  the  ionic  conductivity  while  decreasing  the  overall  con¬ 
ductivity  of  the  composite  cathodes  15]. 

3.4.  Electrochemical  impedance  spectroscopy  (EIS) 

The  typical  complex  impedance  plots  for  Cell-82  at  various 
temperatures  are  shown  in  Fig.  7(a).  The  exploded  view  of  the 
complex  impedance  plot  at  640  °C  (Fig.  7(b))  consists  of  more  than 
one  semicircle.  A  similar  trend  in  the  temperature  range  of  mea¬ 
surements  was  observed  in  the  complex  impedance  plots  for  the 
studied  cells.  The  impedance  response  suggests  that  the  overall 
electrode  reaction  involves  several  processes,  which  occur 
simultaneously  at  different  time  scales,  contributed  significantly 
to  Rp.  The  entire  frequency  response,  however,  could  be  decon¬ 
volved  to  reveal  the  combination  of  at  least  a  mid-frequency  (MF) 
depressed  semicircle  and  a  low-frequency  (LF)  skewed  semi¬ 
circular  arc  (Fig.  7(b)).  The  absence  of  high  frequency  (HF)  semi¬ 
circle  attributed  to  migration  of  O2-  through  CGO  electrolyte  is 
due  to  limitations  in  the  available  frequency  (<1  MFiz)  [10  .  The 
complex  impedance  data  were  analyzed  in  detail  while  using  the 
software  developed  by  Scribner  advanced  software  for  electro¬ 
chemical  research  and  development  [16  .  According  to  the  liter¬ 
ature,  fewer  circuits  were  considered  while  the  most  accurate  fit 
for  the  measured  impedance  data  was  obtained.  In  addition, 
models  were  selected  with  individual  circuits  that  represent 
single  electrode  processes,  while  the  entire  circuit  model  corre¬ 
sponds  to  the  total  electrode  kinetics.  Customarily,  the  complex 
impedance  response  of  symmetric  cell  is  modeled  using  a  series 
resistor  (Rs)  in  series  with  either  two  circuits  that  comprise  a 
parallel  combination  of  R  and  a  constant  phase  element  (CPE)  or 


Fig.  3.  EDS  spectrum  due  to  NCCO  grain  of  80NCCO:20CGO  composite  (Cell-82). 
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Table  2 

A  comparison  of  experimentally  and  theoretically  estimated  at.%  of  elements  for 
Ndi.8Ceo.2Cu04+<5. 


Element 

at.% 

Experimental 

Theoretical 

O 

56.78 

57.14 

Cu 

14.34 

14.28 

Ce 

1.49 

1.52 

Nd 

27.39 

27.06 

one  parallel  combination  of  ft  and  CPE  with  one  Gerischer  element 
(GE).  The  continuous  line  in  Fig.  7(b)  represents  the  best  complex 
non-linear  least  squares  fit  (least  deviations)  for  the  measured 
data  (open  circles)  based  on  the  proposed  electrical  equivalent 
circuit  model  (fts— (fti— CPE)— G)  (inset  of  Fig.  7(b)).  The  dotted  red 
lines  in  Fig.  7(b)  visualize  the  individual  electrical  equivalent  el¬ 
ements  of  the  model  that  form  the  measured  complex  impedance 
spectrum.  A  similar  Rs- (Ri-CPE)— G  model  is  proposed  for  a 
Ceo.sGdo^Oi.gs-impregnated  Lao.99Coo.4Nio.603_<5  composite  cath¬ 
ode  [17].  The  resistance  Rs  of  ECM  is  attributed  to  the  migration  of 
oxygen  ions  through  the  CGO  electrolyte  10,11  .  The  MF  arc  is 
modeled  using  a  parallel  combination  of  fti  and  CPE.  The  literature 
suggests  that  the  MF  semicircle  might  be  assigned  to  the  polari¬ 
zation  during  the  02~  charge  transfer  across  the  gas/electrode/ 
electrolyte  interface  (TPB)  [17—19  .  However,  the  LF  impedance 
data  (skewed  semicircular  arc)  is  accurately  modeled  using  the 
Gerischer  element  (GE)  (Fig.  7(b)). 

According  to  Adler  [20  ,  two  of  the  major  kinetic  processes  of 
the  oxygen  electrode,  which  are  the  oxygen  exchange  and  the  oxide 
ion  diffusion,  can  be  coupled  to  form  a  single  Gerischer  impedance 
(Zg)  response.  The  general  Zq  is  expressed  in  Eq.  (2), 


Y0^K7+hj  y/l  +  iwRcCc  ’ 

where  Yo  and  I<a  are  the  admittance  and  the  rate  constant, 
respectively.  The  Gerischer  impedance  response  is  applied  to  both 
the  MIEC  electrodes  [21-23]  and  the  three  apparent  phase 
boundaries  of  electrodes  such  as  Pt/YSZ  [24,25]  and  LSM/YSZ  26]. 
This  value  is  also  applied  to  the  porous  ceramic  anode  in  SOFC  27]. 
The  GE  includes  the  ion  transfer  resistance  (ft;),  the  electron 
transport  resistance  (fte)  so  R2  =  ft;  +  Re  and  a  CPE  instead  of  an  ideal 
capacitor.  The  ideal  high  frequency  45°  slope  of  the  Gerischer 
response  reflects  the  electrochemical  extension  from  the  cathode/ 
electrolyte  interface  out  into  the  porous  electrode  [20,27  .  The 
Gerischer  response  indicates  that  the  diffusion  of  O2-  is  one  of  the 
important  steps  in  the  overall  ORR  relatively  high  frequencies 
(-45°  line  in  a  Nyquist  plot  (Fig.  7(b)).  A  detailed  theoretical 
description  of  Gerischer  impedance  is  provided  in  the  literature 
[20,23,28-30]. 

The  zero-bias  impedance  (Z)  of  a  symmetrical  cell  based  on 
the  ALS  model  (Adler-Lane-Steele)  can  be  described  using 

Eq.  (3)  [21,24]: 

Z  —  ^electrolyte  "T  ^interface  "T  ^chem  (3) 

where  Zeiectroiyte  is  the  electrolyte  resistance;  Z;nterface  is  the 
impedance  attributed  to  both  electron  and  ion  transfer  at  the  cur¬ 
rent  collector/electrode  and  electrode/electrolyte  interfaces.  The 
Zchem  is  the  impedance  attributed  to  the  non-charge  transfer  pro¬ 
cess  contributed  by  oxygen  surface  exchange,  solid-state  diffusion, 
and  gas-phase  diffusion  inside  and  outside  of  the  electrode.  The 
ECM  fitting  results  for  all  cells  at  various  temperatures  are 
compared  in  fable  3.  fti  is  smaller  than  R2  within  the  temperature 


|l23nm| 


'l17nm] 


NCCO 


NCCO 


* 


CGO 


SI 


-nm 


CGC 


hat 


rA“-' 

100nm  SA1FIITB  12/12/2013 
X  50,000  lO.OkV  SEX  SEM  WD  5.9mm  11:52:03 


18 


S: 

10)im 

SAIFIITB 

12/12/201! 

3.0kV  SEI  LM 

HD 

13.0mm  3:43:21 

Fig.  4.  Scanning  electron  microphotographs  of  cathode  surface  of  (a)  Cell-91,  (b)  Cell-82,  (c)  Cell-73  and  (d)  electrode/electrolyte  interface  of  Cell-82. 
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Fig.  5.  Particle  size  distribution  of  80NCCO:20CGO  in  the  prepared  ink/slurry  (four 
batches). 


range  used  when  measuring  the  symmetric  cells.  Further, 
compared  to  the  NCCO  electrode,  adding  GDC  to  NCCO  electrode 
reduces  significantly  the  values  of  R\  and  R2  at  a  fixed  temperature, 
while  the  magnitude  of  CPE  (CPE-Ti  and  G-T)  remains  the  same 
( fable  3).  The  temperature  dependence  of  the  HF  resistance  (Rs),  the 
MF  resistance  (Rj)  and  the  LF  resistance,  i.e.,  the  GE  response  ( R2 )  of 
Cell-82,  is  presented  in  Fig.  8.  Evidently,  Rs,  the  R 1  and  the  R2  exhibit 
Arrhenius  behavior  within  the  studied  temperature  range.  The 
magnitude  of  the  activation  energy  (Ea)  0.83  ±  0.005  eV,  which  is 
obtained  from  temperature-dependent  RS}  is  slightly  lower  than  the 
lowest  reported  values  for  CGO  ( Ea  ~  0.87-1.03  eV)  [22,29-34]. 
The  slightly  lower  value  for  the  estimated  Ea  is  attributed  to  the 
nano-sized  CGO  particles.  Therefore,  assuming  that  ^electrolyte  =  Rs 
due  to  migration  of  O2-  through  CGO  electrolyte  is  justified.  In 
addition,  the  decreased  dependence  of  Rj  on  the  temperature 
(Fig.  8)  agrees  with  previous  reports  17].  The  estimated  magni¬ 
tudes  of  the  capacitances  ( fable  3)  corresponding  to  the  MF  ZRl_c PE 
(C^-cpe)  and  LF  Zq  responses  (Cg)  are  approximately 
1  x  1CT3  F  cm'2  and  30  x  1CT1  F  cm-2,  respectively.  The  capacitance 
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Fig.  6.  Arrhenius  plots  for  (100  -  x)NCCO:(x)CGO  (x  =  0-30)  composite  cathodes. 
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Fig.  7.  Complex  impedance  plots  for  (a)  Cell-82  at  various  temperatures  and  (b) 
experimental  data  (points)  at  640  °C,  simulated  data  (line),  electrical  equivalent  circuit 
model  and  the  response  due  to  model  used  in  the  treatment  of  all  the  data  for  Cell-82 
(For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred 
to  the  web  version  of  the  article). 


values  on  the  order  of  1CT3  F  (Table  3)  correspond  to  the  MF  arcs, 
which  are  comparable  to  the  values  reported  for  the  cathodes 
[35-40].  Therefore  the  MF  arc  originates  from  the  charge  transfer 
reaction  at  the  electrode/electrolyte  interface  [41,42  .  The  literature 
related  to  LSM-YSZ  cathodes  suggests  that  the  ionic  charge 
transfer  from  the  electrode  to  electrolyte  contributes  to  the  total 
resistance  of  the  cathode  [43].  According  to  numerous  researchers, 
the  GE  response  occurs  due  to  an  electrochemical  reaction  coupled 
with  02~  diffusion  28-30].  The  diffusion  of  O2-,  however,  can 
occur  through  the  bulk,  along  the  surface  or  a  combination  of  both. 
For  the  NCCO  cathode,  which  is  MIEC,  the  O2-  diffuses  primarily 
through  the  bulk.  These  processes  cause  the  relatively  high 
capacitance  values,  which  may  range  upward  to  1  F  cm-2  [24].  A 
comparable  value  relative  to  the  CG  of  80NCCO-20CGO  in  the 
present  composite  cathode  is  observed  (Table  3).  The  Zq  =  Zchem  is 
attributed  to  a  non-charge-transfer  process  during  the  ORR.  Simi¬ 
larly,  the  low-frequency  semicircle  is  ascribed  to  non-charge 
transfer  processes,  such  as  oxygen  surface  exchange  and  gas- 
phase  diffusion  through  the  porous  cathode  layer,  in  the  literature 
[44_47]  Mitterdorfer  et  al.  [48]  reported  a  GE-like  impedance 
response  for  the  LSM-YSZ  composite  cathode  with  a  capacitance 
value  of  approximately  100  x  1CT6  F  cm'2.  According  to  the  liter¬ 
ature,  these  data  suggest  that  the  ionic  transport  is  confined  to  the 
surface  rather  than  the  bulk  [17  .  The  transfer  of  O2-  across  the 
electrode/electrolyte  interface  should  occur  within  a  narrow  depth 
close  to  the  TPB  for  the  cathode,  while  the  oxide  ion  diffusion  is 
confined  to  the  surface  [17  .  In  contrast,  a  much  larger  fraction  of 
the  electrode/electrolyte  interface  is  active  during  the  O2-  charge 
transfer  in  case  of  MIEC  electrode.  The  capacitance  of  this  reaction 
step  should  be  similar  to  the  MF  ZRx_ CPE  response  (C^_CPE).  The  MF 
ZRx- cpe  response  should  be  due  to  the  O2-  transfer  at  the  electrode/ 
electrolyte  interface  for  the  80NCCO-20CGO  composite.  Similarly, 
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Table  3 

Comparison  of  fitted  electrical  circuit  element  series  resistance  ( Rs ),  resistance/capacitance  due  to  MF  response  (iq/CPE— Ti),  resistance/capacitance  due  to  LF  response  (R2j 
G— ' T)  values  corresponding  to  EIS  data  of  Cell-00,  Cell-91  and  Cell-82  and  Cell-73  at  various  temperatures. 


Sr.  No  T  (°C)  Rs  (Q  cm2)  jq  (Q  cm2)  R2  (Q  cm2) 


Cell-00 


1 

700 

2.96 

± 

0.3 

0.29 

+ 

0.2 

1.20 

+ 

0.4 

2 

660 

7.07 

+ 

0.1 

1.42 

+ 

0.1 

1.16 

± 

0.2 

3 

640 

11.76 

± 

0.3 

1.82 

± 

0.3 

2.27 

+ 

0.3 

4 

600 

30.32 

± 

0.2 

2.95 

+ 

0.1 

5.07 

+ 

0.1 

Cell-91 

7 

700 

3.08 

± 

0.1 

0.098 

+ 

0.007 

0.358 

+ 

0.003 

9 

660 

6.18 

± 

0.4 

0.920 

+ 

0.005 

0.822 

± 

0.005 

10 

640 

11.15 

+ 

0.3 

1.468 

± 

0.005 

1.321 

+ 

0.003 

12 

600 

33.64 

+ 

0.3 

1.972 

+ 

0.004 

3.154 

+ 

0.003 

Cell-82 

7 

700 

3.02 

+ 

0.3 

0.079 

± 

0.002 

1.097 

+ 

0.004 

9 

660 

7.31 

+ 

0.3 

0.089 

+ 

0.005 

1.402 

+ 

0.003 

10 

640 

11.27 

+ 

0.5 

0.979 

+ 

0.004 

1.656 

+ 

0.005 

12 

600 

33.71 

+ 

0.2 

1.086 

+ 

0.002 

2.203 

± 

0.004 

Cell-73 

7 

700 

3.18 

+ 

0.4 

0.099 

+ 

0.004 

0.475 

± 

0.007 

9 

660 

7.70 

± 

0.3 

0.982 

+ 

0.003 

1.023 

± 

0.002 

10 

640 

12.05 

± 

0.3 

1.687 

+ 

0.003 

1.912 

± 

0.007 

12 

600 

34.17 

± 

0.4 

2.213 

± 

0.002 

4.487 

± 

0.005 

CPE— Ti  (mF  cm'2) 

CPE— ?! 

G—T  (F  cm'2) 

G-P 

1.79  ±  0.04 

0.48  ±  0.001 

0.97  ±  0.003 

0.42  ±  0.004 

2.17  ±  0.05 

0.57  ±  0.002 

0.91  ±  0.007 

0.34  ±  0.005 

1.78  ±  0.02 

0.49  ±  0.004 

0.84  ±  0.005 

0.29  ±  0.002 

0.45  ±  0.07 

0.52  ±  0.010 

0.56  ±  0.007 

0.21  ±  0.003 

2.15  ±  0.05 

0.99  ±  0.002 

1.14  ±  0.002 

0.78  ±  0.002 

2.09  ±  0.02 

0.86  ±  0.007 

0.92  ±  0.003 

0.75  ±  0.006 

1.57  ±  0.05 

0.83  ±  0.002 

0.73  ±  0.002 

0.72  ±  0.002 

1.12  ±  0.04 

0.81  ±  0.005 

0.53  ±  0.004 

0.69  ±  0.003 

2.43  ±  0.03 

1.14  ±  0.007 

1.29  ±  0.005 

0.89  ±  0.002 

2.14  ±  0.04 

0.97  ±  0.005 

0.97  ±  0.006 

0.81  ±  0.004 

2.09  ±  0.02 

0.91  ±  0.003 

0.84  ±  0.002 

0.79  ±  0.003 

1.78  ±  0.03 

0.89  ±  0.003 

0.66  ±  0.004 

0.72  ±  0.007 

2.33  ±  0.04 

0.75  ±  0.002 

1.02  ±  0.007 

0.67  ±  0.003 

1.87  ±  0.05 

0.79  ±  0.003 

0.95  ±  0.004 

0.68  ±  0.004 

1.38  ±  0.04 

0.84  ±  0.004 

0.68  ±  0.003 

0.66  ±  0.002 

1.06  ±  0.02 

0.86  ±  0.003 

0.47  ±  0.004 

0.65  ±  0.004 

the  MF  and  LF  responses  are  correlated  with  the  ion  and  electron 
(charge)  transfers  at  the  electrode/electrolyte,  the  collector/elec¬ 
trode  interfaces  and  the  non-charge  transfers,  such  as  oxygen 
surface  exchange  and  gas-phase  diffusion  inside  and  outside  the 
electrode  layer,  respectively  [41  .  The  reduction  in  both  the  R\  (MF) 
and  the  R2  (LF)  values  ( Table  3)  indicate  that  the  ORR  process  im¬ 
proves  after  impregnating  the  NCCO  with  nano-crystalline  CGO.  In 
addition,  having  a  higher  R2  than  Ri  implies  that  the  non-charge- 
transfer  reaction  is  the  major  ORR  rate-limiting  step  for  the  com¬ 
posite  cathode.  Adler  [49]  suggested  that  the  non-charge-transfer 
process  might  be  a  rate-determining  step  during  ORR.  Further¬ 
more,  the  ORR  process  might  be  determined  by  the  concentration 
and  the  chemical  potential  gradients  that  occur  over  macroscopic 
distances  when  nearly  100%  electrode  surface  and  bulk  electrolyte 
are  involved. 

The  total  electrode  polarization  resistance  (Rp)  at  each  temper¬ 
ature  for  all  symmetric  cells  was  estimated  from  the  magnitudes  of 
Ri  and  R2  obtained  from  Nyquist  plots  using  Eq.  (4): 


,  _  +  ^2 


(4) 


T 

Fig.  8.  Arrhenius  plots  of  Rs<  R i  and  R2  of  Cell-82. 


The  temperature-dependent  Rp  are  compared  in  Fig.  9,  revealing 
the  lowest  Rp  value  (0.23  ±  0.07  Cl  cm2  at  700  °C)  and  activation 
energy  (Ea  =  0.88  ±  0.03  eV)  across  the  entire  temperature  range 
for  the  Cell-82  measurements  compared  to  the  other  studied 
cells  (Cell-91,  Cell-82,  Cell-73  and  Cell-00).  The  Ea  values  for  Cell-91, 
Cell-82,  Cell-73  and  Cell-00  are  0.93,  0.88,  0.92  and  1.4  eV, 
respectively;  these  values  fall  within  the  range  for  MIECs.  The 
decrease  in  activation  energy  after  CGO  impregnation  suggests  that 
the  ORR  reaction  mechanism  changes.  Hjalmarsson  and  Mogensen 
[17]  reported  almost  no  change  in  Ea  after  CGO  infiltration  in  a 
Lao.99Coo.6Nio.4O3  cathode.  Similarly,  no  change  in  reaction  mech¬ 
anism  is  suggested  for  the  LSM-CGO  50]  and  Ca2Fei.4Coo.605-CGO 
[51  composites.  Nonetheless,  a  significantly  lower  Ea  value  for  the 
oxygen  ion  conductor  dispersed  composite  is  reported  for  SmBa- 
CoFe05_<5— 60CGO  [52],  LaSrCoFeO-36CGO  [53],  LaSrCoFeO-CGO 
[54,55],  and  Smi.sCeo.2Cu04-CGO  [37]  compared  to  pure  MIECs; 
the  authors  attributed  this  pattern  to  a  change  in  the  reaction 
mechanism.  Because  NCCO  with  K2NiF4-type  structure  is  MIEC,  the 
ORR  occurs  not  only  at  the  TPB  layer  but  also  throughout  the  entire 


77°  C 

680  620  560  500 


Fig.  9.  Arrhenius  plots  for  polarization  resistance  (Rp)  of  Cell-00,  Cell-91,  Cell-82 
and  Cell-73. 
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electrode.  The  initially  adsorbed  O2  is  reduced  to  O2-  after  disso¬ 
ciation.  Later,  the  O2-  is  transferred  across  the  electrode/electrolyte 
interface  and  the  bulk  electrolyte.  The  O2-  transfer  rate  is  governed 
by  the  concentration  of  the  oxygen  vacancies  in  the  NCCO.  The  02~ 
transfer  ability  improves  after  nanocrystalline  O2-  conducting 
CGO  is  impregnated  in  the  superfine  NCCO  matrix  because  the 
electrochemical  ORR  reaction  zone  becomes  enlarged.  Additionally, 
the  adhesion  between  the  electrode  and  electrolyte  improves 
significantly  after  impregnating  NCCO  with  CGO,  decreasing  the 
electrode-electrolyte  interface  resistance  that  is  pertinent  to  02~ 
transfer.  Both  of  these  factors  enhance  the  overall  electrochemical 
performance  (reduced  Rp  and  Ea)  of  oxygen  ion  conducting,  CGO- 
impregnated  NCCO  composite  cathode. 

The  minimum  Rp  and  Ea  values  for  the  80NCCO:20CGO  cathode 
can  be  understood  based  on  the  effective  medium  percolation 
theory  53,56].  In  addition,  the  increased  ionic  conductivity  attrib¬ 
uted  to  the  impregnation  of  CGO  in  NCCO  reduces  the  effective 
charge  transfer  resistance  (R^tff)  of  the  composite  cathode  according 
to  the  simplified  Tanner  Eq.  (5)  [57]: 


BR 


ct 


1  -  Vy) 


(5) 


where  B,  Rct,  cq  and  Vv  are  the  grain  size  of  the  CGO  electrolyte  in  the 
composite  electrode,  the  intrinsic  charge  transfer  resistance  (for 
pure  electronic  conducting  cathode),  the  ionic  conductivity  of  the 
electrolyte  (different  than  the  dense  electrolyte)  and  the  fractional 
porosity,  respectively.  The  uniform  and  optimum  porosity  for 
80NCCO:20CGO  cathode  are  obtained  (Fig.  4(b))  due  to  smallest 
effective  particle  size  (<D>  =  561  ±  21  nm)  along  with  their  nar¬ 
rowest  distribution  compared  to  other  ( Table  1 ).  The  is>  thus, 
minimum  for  80NCCO:20CGO  cathode.  According  to  Martinez  and 
Brouwer  [56]  the  TPBs  are  characterized  by  the  adjacency  and 
electrochemical  interaction  of  electron  conducting,  ion  conducting 
and  gaseous  specie.  In  addition,  percolation  of  the  ionic  and  elec¬ 
tronic  phases  to  the  bulk  electron  and  ion  conductors  at  either  end 
of  the  interface  is  required  to  make  a  TPB  electrochemically  active. 
High  volumetric  density  of  TPBs  is  achieved  in  Cell-20  due  to  the 
optimum  volumetric  fractions  of  both  the  NSNO  and  the  CGO  along 
with  the  maximum  fractional  porosity  achieved  through  micro¬ 
structure  (Fig.  4(b)).  Dusastre  and  Kilner  [53]  and  Murray  et  al.  [54], 
also,  reported  that  the  ambipolar  transport  behavior  of  composite 


mixed  ionic-electronic  conductors  is  a  function  of  the  volume 
fraction  of  each  of  the  randomly  distributed  constituent  phases. 
Further,  the  optimum  performance  of  cathode  is  correlated  with 
percolation  threshold.  The  high  performance  of  80NCCO:20CGO 
composite  electrodes  is  consistent  with  the  effective  medium 
percolation  theory.  The  overall  performance  of  a  porous  electrode 
is,  thus,  not  only  determined  by  the  mixed  conducting  transport 
properties  in  the  solid  phase  of  the  electrode,  but  also  by  the 
inherent  catalytic  property  of  the  TPB/2  PB  and  by  the  gas  transport 
to,  or  away,  from  TPB/2  PB. 

To  understand  the  ORR  mechanism,  complex  impedance  mea¬ 
surements  were  carried  out  versus  the  oxygen  partial  pressure 
(Po2)  at  550,  650  and  700  °C.  The  variations  in  log(Ri)  and  log(R2) 
with  the  changes  in  log(P02)  are  shown  in  Fig.  10(a)  and  (b), 
respectively.  Both  R\  and  the  R2  are  decreased  significantly  due  to 
the  increased  oxygen  partial  pressure,  as  represented  by  Eq.  (6): 

R  =  R0(Po2)~n  (6) 

According  to  the  literature,  information  regarding  the  rate- 
limiting  step  of  the  ORR  at  the  electrode  can  be  obtained  from 
the  n-values  [26]. 


n  =  1, 

(7) 

1 

n 
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(8) 

3 

n 

8’ 

Otpb  + 

(9) 
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Researchers  have  offered  a  few  different  sub-reactions  for  the 
same  overall  ORR  [20,58  .  The  adsorbed  oxygen  atoms,  O-  and  02~ 
can  appear  during  one  or  more  steps.  Generally,  the  TPB  region 
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Fig.  10.  Variation  of  polarization  resistance  (Rp)  with  oxygen  partial  pressure  for  Cell-82  estimated  from  (a)  mid-frequency  (MF)  and  (b)  low-frequency  (LF)  impedance  responses  at 
550,  650  and  700  °C. 
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where  the  cathode,  electrolyte  and  gas  make  contact  should  be  the 
key  reaction  region  for  the  LSM/YSZ  composites.  The  I<2NiF4-type 
NCCO  cathode  material,  however,  is  a  mixed  ionic  and  electronic 
conductor;  therefore,  the  ORR  also  occurs  at  the  gas/cathode  in¬ 
terfaces,  which  are  the  two-phase  boundary  (2  PB)  regions. 
Therefore,  two  charge  transfer  pathways  co-exist  and  compete 
under  different  operating  conditions.  In  addition  to  the  reduction  of 
oxygen,  the  diffusion  of  O2-  is  the  other  important  step  for  the 
cathode  reaction  process  in  this  case.  One  or  more  of  the  above- 
mentioned  ORR  steps  (Eqs.  (7)— (12))  might  be  rate  limiting.  The 
relatively  slow  changes  in  Ri  versus  R2  for  the  measured  ranges  of 
the  oxygen  partial  pressure  and  temperature  are  evident  when 
comparing  Fig.  10(a)  and  (b).  Additionally,  the  polarization  resis¬ 
tance  pertinent  to  the  LF  arc  (R2)  is  generally  larger  than  that  related 
to  the  MF  arc  (Ri ).  A  magnitude  of  n  near  0.25  suggests  that  the  R\  is 
related  to  the  charge-transfer  reaction  process  (Eq.  (10)).  The 
n  ~  0.5  corresponding  to  the  LF  response  polarization  resistance  R2 
suggests  that  the  dissociative  adsorbed  oxygen  diffuses  on  the 
cathode  surface  (Eq.  (8)).  These  results  substantiate  the  interpre¬ 
tation  of  the  complex  impedance  results  discussed  above:  the  MF 
and  LF  responses  are  attributed  to  a  charge  transfer  step  and  the 
non-charge  transfer  oxygen  adsorption-desorption  along  with 
the  diffusion  during  ORR,  respectively.  Similar  rate-limiting  steps 
are  proposed  for  Lai.eSrcuNiOzpAg  [59]  and  Smi.sCeo^CuC^:- 
Ceo.9Gdo.1O1.95  [37]  composite  cathodes.  Interestingly,  n  =  0.1  (Eq. 
(11))  for  the  LSM/YSZ  composite  cathode  due  to  the  oxygen  ion 
transfer  from  the  triple  phase  boundary  (TPB)  to  the  electrolyte 
[46].  Comparing  the  results  in  Fig.  10(a)  and  (b)  reveals  that  the 
non-charge  transfer  oxygen  adsorption-desorption  process  is  the 
major  rate  limiting  step  for  the  studied  composite  cathodes  across 
the  studied  oxygen  partial  pressure  and  temperature  ranges. 

The  Rp  of  the  optimized  composition  are  compared  to  the 
literature  data  for  I<2NiF4-type  MIEC:oxyion  conducting  electrolyte 
composite  cathodes  in  Table  4  [18,37,61-64  .  A  close  examination 
of  the  table  indicates  that  both  the  optimized  composition 
(80NCCO:20CGO)  and  the  Rp  =  0.23  Q  cm2  at  700  °C  in  present 
study  are  significantly  different  from  the  previously  optimized 
composition  (70NCCO:30CGO)  and  Rp  =  0.3  Q  cm2  at  700  °C  [64]. 
These  differences  in  the  compositions  and  Rp  values  are  attributed 
to  the  changes  in  the  dispersion  technique  for  CGO  in  NCCO. 
Commercial  nano-crystalline  CGO  is  dispersed  as  received  in  the 
NCCO  matrix  via  ball-milling  in  an  earlier  study  [64  .  The  smaller 
CGO  crystallites  (47-87  nm)  in  present  study  relative  to  previous 
studies  (107-138  nm)  improve  the  ORR  sites  while  allowing 
facile  02~  diffusion  and  generating  better  interface  contacts. 
Numerous  studies  reported  the  optimization  of  the  electrolyte 
(second  phase)  in  the  cathode  [53,65-67  .  Adding  50  wt.%  CGO  to 


Table  4 

A  comparison  of  polarization  resistance  ( Rp )  obtained  in  this  study  with  reported  in 
the  literature  for  (K2NiF4):(oxy-ion  conductor)  composite  cathodes. 


Sr.# 

Cathode 

Rp  (Q  cm2) 

T  (°C) 

Ref. 

1 

80Pri.6Sro.4NiO4:20 

(wt.%)YSZ 

0.23 

750 

Huang  et  al.  61  ] 

2 

94Smi.8Ceo.2Cu04:06 

(vol.%)Ceo.gGdo.iOi.95 

0.17 

750 

Sun  et  al.  [37] 

3 

70Lai.6Sr0.4Ni04+(5:30 

(wt.%)Ceo.8Sm0.201.9 

0.425 

750 

Gong  et  al.  [62] 

4 

70Bai.2Sro.8Co04+(5:30 

(wt.%)Ceo.9Gdo.iOi.g 

0.17 

750 

Jin  and  Liu  [63] 

5 

Lao.99Coo.4N  io.603  • 
Ceo.9Gdo.1O19 

0.18 

750 

Henuveln  et  al. 

[18] 

6 

70Ndi.sCeo.2Cu04+^:30 

(vol.%)Ceo.gGdo.i02_5 

0.34 

700 

Khandale  et  al.  [64] 

7 

20Ndi  8Ceo.2Cu04+^:20 
(vol.%)Ceo.gGdo.i02_5 

0.23 

700 

Present  study 

a  Lao.6Sro.4Coo.2Feo.803_<5  (LSCF)  cathode  decreased  Rp  at  low 
temperatures  compared  to  a  cathode  containing  30  wt.%  CGO  [65]. 
A  mixture  of  40  vol.%  LSGM  in  LSCF  exhibited  low  Rp  [65  .  Rp  is 
optimized  for  Lao.6Sro.4Coo.2Feo.803_^:(36  vol.%)  Ceo.gGdo.i02-<5 
,  Lao.6Sro.4Coo.2Feo.803_5:(60  wt.%)Ceo.gGdo.i02-5 

LaE>ao.5Sro.5Co205+(5:(40  wt.%)Ceo.gGdo.i02-<5  [68], 

Lai_xSrxMnO3:(40  wt.%)YSZ  [60]  and  Smi.sCeo.2Cu04:(06  vol.%) 
Ceo.9Gdo.1O1.95  ,  Pro.58Sro.4Feo.8Coo.203_<5:(50  wt.%) 

Ceo.9Gdo.1O1.95  [15],  (La, Sr)  (Co,Fe)O3:(50  vol.%)(Ce,Gd)03  [54]. 
The  80NCCO:20CGO  composite  exhibits  competitive  Rp  values 
when  compared  to  I<2NiF4-type  composite  cathodes  ( Fable  4). 

4.  Conclusions 

The  impregnation  of  a  stoichiometric  solution  of  cerium  and 
gadolinium  nitrates  followed  by  sintering  at  900  °C  for  4  h  dis¬ 
perses  nano-crystalline  oxy-ion-conducting  Ceo.gGdo.iC^  elec¬ 
trolyte  in  a  superfine  crystalline  Ndi.sCecaCuO^,  generating  a 
mixed  ionic-electronic  conductor.  Although  adding  Ceo.gGdo.i02_5 
to  the  Ndi.sCeo.2Cu04+5  matrix  reduces  the  electronic  conductivity, 
the  effective  oxygen  reduction  reaction  zone  is  enlarged,  which 
significantly  reduces  the  electrode  polarization  resistance  (Rp)  of 
the  composite  cathode.  The  minimum  values  for  both  the  Rp 
(0.23  ±  0.02  Q  cm2  at  a  temperature  of  700  °C)  and  the  Ea 
(0.88  ±  0.03  eV)  for  (80)Ndi.8Ceo.2Cu04+5:(20)Ceo.9Gdo.i02_5  are 
due  to  the  optimally  dispersed  Ceo.gGdo.iC^  in  the  porous 
Ndi.8Ceo.2Cu04+(5  matrix.  The  Ceo.gGdo.i02_5  dispersed  via 
impregnation  is  superior  to  the  composite  obtained  via  ball¬ 
milling.  The  successfully  modeled  impedance  spectra  with  an 
electrical  equivalent  consisting  of  a  mid-frequency  ZPl_CPE  circuit  in 
series  with  a  low-frequency  Gerischer  impedance  (ZG)  suggests  that 
diffusion  and  the  charge  transfer  and  the  non-charge  transfer  oxygen 
adsorption-desorption  are  the  major  rate  limiting  steps  during  the 
oxygen  reduction  reaction  process.  Impregnating  Ndi.sCeo.2Cu04+5 
with  Ceo.9Gdo.i02_,5  may  generate  a  composite  cathode  with  an 
improved  electrochemical  performance. 
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